Valinomycin, nigericin and trichlorocarbanilide were assessed for their ability to control the protonmotive force in Escherichia coli cells. Valinomycin, at high K+ concentrations, was found to decrease the membrane potential AY/ and indirectly to decrease the pH gradient ApH. Nigericin was found to have two modes of action. At low concentrations (0.05-2 uM) it carried out K+/H+ exchange-and decreased ApH. At higher concentrations (50pM) it carried out a K+-dependent transfer of H+, decreasing both Ay/ and ApH. In EDTA-treated cells only the latter mode of action was evident, whereas in a mutant sensitive to deoxycholate both types of effect were observed. Trichlorocarbanilide is proposed as an alternative to nigericin for the specific control of ApH, and it can be used in cells not treated with EDTA.
The driving force for endergonic membrane-linked processes such as oxidative phosphorylation remained ill-defined until Mitchell's chemiosmotic model was put forward in the early 1960s (Mitchell, 1961 (Mitchell, , 1963 . Chemiosmosis classifies energy-conserving membrane-linked reactions into two types, A p-generating reactions and Ap-consuming reactions. Ap-generating reactions (e.g. electron flow via the respiratory chain) transport H+ across membranes of very low conductance and capacitance, leading to the generation of a membrane potential (Ag,) . If other ion fluxes partially compensate for this H+ flux, a pH gradient (ApH) is also generated.
Together the Ay and ApH constitute the protonmotive force (Ap):
Ap=Ay/-ZApH (1) where Z = 2.3RT/F and is equal to 59 at 25°C, and converts logarithmic concentration gradients into mV. Ap can be related to the electrochemical gradient of H+ (AiiH+) through the Faraday constant Ap-consuming reactions include: osmotic work by transport proteins, chemical work by the ATP synthase and kinetic work by the flagellar motor (Hamilton, 1975; Harold, 1976; Mitchell, 1981) . More recently, other cellular functions have also been associated with Ap, such as protein secretion (Date et al., 1980) , nitrogen fixation (Veeger et al., 1980) and bacteriophage infection (Labedan & Goldberg, 1979) . To define quantitatively the relationship between Ap and Ap-consuming reactions it is essential to measure and control accurately the components, the membrane potential and pH gradient, of the protonmotive force. In a previous study (Ahmed & Booth, 1981a) we presented a detailed analysis of the methodology used for assessing the magnitude of these two components, establishing that independent measurements made with different probes corroborate each other.
lonophores, compounds that increase the ionic permeability of membranes, have often been used to control the protonmotive force (Ramos et al., 1976;  Since Escherichia coli cells possess an outer membrane that excludes high-molecular-weight compounds such as the above ionophores, Leive (1968) developed a method involving the use of EDTA for disrupting this permeability barrier. However, a major problem with EDTA treatment is the possibility of obtaining a heterogeneous population of cells with respect to the degree of disruption of the outer membrane. This heterogeneity will lead to a preparation containing a proportion of cells that still exclude the added ionophore. We have overcome this problem by using an E. coli mutant (Doc-S) that has a defective outer membrane (and thus does not possess a permeability barrier to these ionophores) in parallel with EDTA-treated E. coli ML308-225.
In (Hamilton & Jeacocke, 1972) as an alternative that can be used instead of nigericin. Finally, we show that trichlorocarbanilide can be used in cells not treated with EDTA.
Materials and methods

Materials
All materials were as previously specified (Booth et al., 1979; Ahmed & Booth, 1981a) (Booth et al., 1979 re-centrifugation at 16000g for 5min at 40C. EDTA treatment was performed as previously described (Booth et al., 1979) . A harsher treatment involving a 10min incubation with EDTA did not affect the results (Bakker, 1982) . Cells not treated with EDTA were washed once in 120mM-Tris/HCI buffer, pH8.0, harvested, washed and resuspended in 5 mM-Tris /5 mM-Mes (4-morpholine-ethanesulphonic acid)/HCl buffer, pH 7.0, containing 150mM-choline chloride and 0.2 mM-KCl. For experiments in which the ion specificity of trichlorocarbanilide was assessed, cells were harvested, washed and resuspended in 5 mM-Tris/5 mM-Mes buffer, pH 7.0, containing 100mM of the appropriate salts (K+, choline or Na+; Cl-, Br-, I-, N03-, S042-or HP042-). All cells were resuspended to 8-10mg dry wt./ml final concentration. The ionophores valinomycin and nigericin were added at the appropriate concentrations immediately after the final resuspension. When used, trichlorocarbanilide was added to the cell suspension (1 mg dry wt./ml) 5 min before the addition of radioactive probes.
(it) Volume measurements. These were performed by the method of Stock et al. (1977) . A 4ml portion of cells (at 4mg dry wt./ml) was incubated at 250C for 25 min in a stirred glass vessel in appropriate buffers. Radioactive probes were added 1 min before sampling to assess the volume of the following compartments: the whole cell (hydroxyV14Clmethyl-inulin/3H20 couple), the periplasm ((1'4C]sucrose/ [3Hlinulin couple) and the cytoplasm (['4C]sucrose/ 3H20 couple) for E. coli Doc-S. Samples were taken and processed and volumes were calculated as previously described (Booth et al., 1979) . We have published similar measurements for E. coli ML308-225 (Booth et al., 1979) . The radioactive sucrose was purified by incubation with 6mg dry wt. of glucose-grown cells/ml for 5 min. The sucrose was then separated from the cells by centrifugation at 12 000g in an Eppendorf centrifuge for 2 min. Values for E. coli ML308-225 cytoplasmic volumes were as previously described (Ahmed & Booth, 1981 a were then added, along with catalase (250,ug/ml) and 3H20 (1-2,pCi/ml). After the cells had been incubated for a further 20min, 500,p1 samples were transferred into Eppendorf centrifuge tubes (1.6ml capacity) containing 10,l of 2-volume H202 and centrifuged at 12 OOg for 20s. The radioactivity in the supernatants and pellets was assayed as previously described (Ahmed & Booth, 198 la) . Ay/ was calculated by substitution of concentration ratios into the Nernst equation. An activity coefficient of 1 was assumed for 86Rb+ and [14C]tetraphenylphosphonium cation. ApH was calculated by using the Waddell and Butler equation (Ahmed & Booth, 198 la) . The measurements for both parameters were made in triplicate and represent averages for three or four experiments. The maximum variations in measurements of Ay/ and ApH were +6mV and + IOmV respectively.
(iv) Sensitivity to deoxycholate. A sample (100,ul) of an overnight culture of E. coli Doc-S was pipetted into 3.5 ml of LB medium (Miller, 1972) containing 0.6% molten agar. The cell suspension was vortexmixed and immediately poured on to an LB broth/ agar plate (1.5% agar). When the upper agar had solidified, sterile filter-paper discs (5 mm diam.) were placed on the surface at regular intervals (about six per plate). To each of these discs was added a small volume (5-20pl) of a 200mg/ml solution of sodium deoxycholate. After growth at 300C a clear zone was evident around the filter discs (approx. 1.4cm diam. for 10,ul of sodium deoxycholate at 200mg/ ml) E. coli ML308-225 was completely resistant to deoxycholate in this concentration range.
(v) Liquid-scintillation counting of radioactivity.
The Packard Tri-Carb 300C instrument was used for all liquid-scintillation counting of radioactivity.
For 14C/3H double-labelling the following windows were used: 3H, 2-12eV; '4C, 12-156eV. For 86Rb+/14C/3H triple-labelling the third window was set at 156-1900 eV. Overlaps of radioactivity counts were estimated by using appropriate standards.
Results
Cell volume
In previous reports we have shown the cytoplasmic volume to be a significant experimental variable in the measurement of AV and ApH (Booth et al., 1979; Ahmed & Booth, 198 la) . It becomes most relevant when the magnitude of Av or ApH is small (-3OmV to +3OmV) (Ahmed & Booth, 1981a) . So the volume of E. coli Doc-S was measured. (Padan et al., 1976; Reed, 1979) , and it is assumed that, as Ay/ is decreased, ApH remains 150mM, as reported previously (Ahmed & Booth, 1981a) . This represents a doubling of the cyto- (Fig. 2) . EDTA-treated cells in the absence of valinomycin also swell as a function of [K+I0 (Fig. 1) ; when Ay/ and ApH were measured as a function of [K+] in these cells the decrease in ApH was not observed (Ahmed & Booth, 1981b ApH with (14Clbenzoic acid, as described previously (Ahmed & Booth, 198 la Trichlorocarbanilide as an alternative to nigericin for the control ofApH Trichlorocarbanilide has been shown to be an electroneutral anion/OH--exchanger (Hamilton & Jeacocke, 1972) . It has a molecular weight of 314 and a structure very similar to that of 3,3',4',5-tetrachlorosalicylanilide, the uncoupler of oxidative 109 phosphorylation in bacterial and mitochondrial systems (Hamilton, 1968 (Figs. 4a and 4b ).
Trichlorocarbanilide at a concentration of 200,11M decreased ApH to near zero with a slight increase in A/W. However, lower concentrations of trichlorocarbanilide had a more dramatic effect on ApH in E. coli Doc-S than in E. coli ML308-225. This may reflect the outer membrane of the latter strain either adsorbing some of the ionophore or hindering its access to the cytoplasmic membrane (Hamilton, 1970) . As shown in Fig. 4 , ApH and hence pH, can be controlled accurately by choosing a particular trichlorocarbanilide concentration. This makes this ionophore a very useful compound for the study of the effects of ApH or pH, on various cellular functions such as pH, regulation itself. Table 2 . The nigericin concentration refers to that obtained after the concentrated cell suspension had been diluted 10-fold into the incubation buffer. Vol. 212 1 r Similar ion-transport-specificity by co-worker protoplast swelling experimei 1968, 1970) .
Discussion
The data in the present analysis of the use of three iono city of trichlorocarbof ApH and Aq. We provide additional support for wmined by using K+- the importance of considering cytoplasmic volume rers as an experimental variable (Ahmed & Booth, ended in the appro-198 la; Booth, 1981a) .
basis that sucrose might penetrate into the cell via Iat 40pM final conthe lac permease (Heller & Wilson, 1979) . How-)btained with E. coli ever, the present data demonstrate that the method can be used in cells constitutive for the lac permease.
Thus one observes the swelling of cells as a conseAy/ (mV) ApH (mV) quence of K+ uptake (Fig. 1) swelling, leading to an increase in ionic permeability anilide was sufficient of the cytoplasmic membrane (Bakker & Mangerich, range pH 5.5-7.7 1981) . In the absence of valinomycin, the effect of°K + on the cell volume is similar, but the maximum value attained is lower. This may account for the lorocarbanilide lack of a decline in ApH at high [K+ 10 in the absence use of trichlorocarbof valinomycin (Ahmed & Booth, 1981b H+-entry mechanisms (Brey et al., 1978 (Brey et al., , 1980 ; mnded in the relevant Plack & Rosen, 1980; Padan et al., 1981; Zilbertrichlorocarbanilide stein et al., 1982) . bes were then added, Nigericin has been used to control specifically tinued for a further ApH in E. coli membrane vesicles (Ramos et al., tined (Table 3) Z has been observed 3). In a previous study on black lipid membranes rs in sphaeroplast/ dimerization was suggested to occur at high connts (see Hamilton, centrations of nigericin (Toro et al., 1976) . This tends to suggest that the dimer might pass through the outer layer of EDTA-treated E. coli ML308-225 rather more readily than does the monomer.
paper represent an
The uncoupling effect of high concentrations of phores in the control nigericin has previously been reported for mito-1983 chondria (Ferguson et al., 1971) . In a subsequent study it was concluded that K+ transfer by a protonated nigericin dimer could account for the uncoupling (Toro et al., 1976 The inability of nigericin to control specifically ApH in EDTA-treated cells led us to seek an alternative ionophore. Previous work on antibacterial agents had shown that the mechanism of action of one of these, trichlorocarbanilide, was by anion/OH-exchange (Hamilton & Jeacocke, 1972) .
In addition, trichlorocarbanilide had a very similar structure and molecular weight to the well-known uncoupler of oxidative phosphorylation 3,3',4',5-tetrachlorosalicylanilide, raising the possibility that this compound could be used without prior EDTA treatment of cells. Indeed, when we performed a titration curve in E. coli Doc-S and untreated E. coli ML308-225 with trichlorocarbanilide the ApH was decreased to near zero in both strains (Figs. 4a and 4b) . These data undoubtedly show trichlorocarbanilide to penetrate the outer membrane.
To characterize this compound further we analysed its ion-transport-specificity. This was achieved indirectly by examining the effect of trichlorocarbanilide on AV and ApH in buffers of various ion concentrations. Trichlorocarbanilide did not discriminate between K+, Na+ or choline cations, and the following anion-transport sequence was found:
Cl-> Br-> 1-> NO3-> SO42-> HP042-. So, by changing the anion content of the buffer at saturating trichlorocarbanilide concentration or by changing the trichlorocarbanilide concentration in a Cl--based buffer, the ApH and hence pH, can be set accurately and precisely at a variety of values, without the need for EDTA treatment.
In conclusion, we have shown in the present work that two classical ionophores may not behave in the expected manner in terms of their effects on A ,v and ApH. Therefore we recommend that, when ionophores are used for control of AV and ApH, the measurement of these two components also be carried out. In addition, we propose trichlorocarbanilide as an agent for the specific control of ApH.
